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ABSTRACT

This thesis investigates the applicability of present fuel cell systems to
small manned submersibles. A general review covers the history of submarine
power systems and of research submersibles, important considerations in sub-
mersible power system design, alternative energy sources, and the basic
principles and development of the chemical fuel cell. Three modern fuel cell
systems for submarine use are examined in some detail, and the impact of
replacing the lead-acid battery system of the 24 ton submersible, Sea Cliff,
with a current hydrogen-oxygen fuel cell is assessed.
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ABSTRACT

This thesis investigates the applicability of present
fuel cell systems to small manned submersibles. A general
review covers the history of submarine power systems and of
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power system design, alternative energy sources, and the basic
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INTRODUCT ION

In the past two decades, small research and industrial

submarines have performed an increasing variety of important

underwater tasks. These "submersibles" as they have come to

be called, have traditionally been powered by re-chargable

storage batteries. Generally, battery systems provide a low

cost, reliable energy source which will continue to see wide

application in submersible systems; however, due to the low

energy density of present batteries, many submersible missions

are energy limited.

The electrochemical fuel cell is one of many advanced

systems proposed for submersible power. In 1978, a United

Technologies Corporation fuel cell system, evolved from space

technology, was installed on a 50 ton submersible, the Deep

Quest, which is currently undergoing tests off San Diego,

California.

The purpose of this study is to evaluate the present

applicability of fuel cell energy systems to man~ned

submersibles of 50 tons (dry weight) and smaller. Chapter I

will define the term submersible as it is used here, examine

the develcoment of underwater propulsion systems and of

manned submersibles, and survey present power plant

installations. Chapter II will review important design con-

siderations for submersible power systems and survey alterna-

tive energy sources in light of current technology. In



Chapter 111, fuel cells will be examined in general, and

some systems applicable to submersibles will be inspected in

detail. Finally, in Chapter IV, the impact of replacing the

lead-acid batteries aboard the U.S. Navy's Sea Cliff, a

submersible approximately three times smaller than Deep Quest,

with a "state-of-the-art" fuel cell system will be assessed.



CHAPTER I

SUBMERSIBLES AND SUBMERSIBLE POWER SYSTEMS

A. Definition of "Submersible"

Although the word "submersible" is defined in

Webster's Collegiate Dictionary only as "something that is

submersible", it has acquired a more exact meaning among

ocean scientists and engineers, offshore oil workers, and

seamen. Generally, a submersible is a submarine that is

designed for surveying, scientific research, salvage, rescue,

and/or underwater engineering.

For the purposes of this study, the term submersible will

be used to mean a manned, self-propelled underwater vehicle

with an enclosed pressure hull that is not designed for a

strictly military mission. This more limited definition

excludes open, SCUBA supported diver delivery vehicles and

unmanned, tethered submersibles such as the U.S. Navy's

CUR"; vehicles.

Additionally, the term "small submersible", used without

quaiification, means a vessel as described above of less than

50 tons dry weight.

B. History of Submarine Power Systems

Although divers and diving bells are evident in pre-

classical history, the first known navigable submersible was

constructed in 1624 by Cornelius Van Drebbel, a Dutch

physician. Van Drebbel's boat was powered by oars extended
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FIGURE1.

AQUAPEDE, A Man-Powered Submersible 
by Alvery Ternplo(

2 )
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through greased-leather seals in its wooden hull, and

although the vessel's dimensions are not known, she was

capable of carrying twelve people surviving on the "quint-

essence of air". ()

Manpower continued to provide propulsion for submarines

up to the American Civil War. David Bushnell's one-man

Turtle which saw action in the Revolutionary War, Robert

Fulton's Nautilus built in 1801 for Napoleon, and the

Confederate Navy's David which sunk a Union warship in

Charleston Harbor were all powered by hand-cranked screw

(2)propellers. Fulton's submarine also featured a single

foldable mast and sail for surface propulsion.
(l)

After 1860 there was increasing interest in submarine

boats in both Europe and the U.S., and several innovative

methods were used for propulsion. In 1863, Frenchmen Brun

and Bourgois launched a 136 ft. long submarine, the Plongeur.

Plongeur was propelled by a compressed air motor driving a

screw propeller. Compressed air was stored in a single large

tank and was also used for buoyancy tank service.
(I)

Steam propulsion, both on the surface and submerged, was

used in four submarines built by Nordenfeldt and Garrett in

England in the 1880's. The Nordenfelt, No. 4, described by

Spear~1 ) was 125 ft. long and had a submerged displacement of

245 tons. With 150 psi steam, her power plant could develop

1,000 horsepower for a surface speed of 15 knots. Submerged,

steam was drawn from superheated water in the boiler itself
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and in special steam storage tanks to provide an expected

submerged speed of 5 knots for four hours.

In the late 1880's, the gasoline engine, steam, and

storage batteries were all used for submarine power. The

30 ton French submarine Gymnote, launched in 1888, used a

storage battery and a 55 HP motor driving a single screw. The

Narval, also built in France, was launched in 1889 and was the

first submarine which used a power system both for surface

propulsion and for recharging batteries used in submerged

service. The Narval had a submerged displacement of 200 tons

and used a petroleum fired water-tube boiler for steaming a

250 HP triple expansion engine. The details of Narval's

electric plant are nQt known, although she was said to have a

(2470 mile submerged range at 5 knots. The American submarine

designer, Simon Lake, was the first to use an internal com-

bustion engine for submarine power. His Argonaut First,

launched in 1889 and designed for salvage, was powered by a

30 HP gasoline engine that was snorkled to the surface with

two hollow masts for intake and exhaust. (3 ) The Argonaut

also featured powered wheels as well as a propeller for bottom

propulsion and a diver's compartment with an airlock.(1)

The real breakthrough in military submarine propulsion

was the combination of the internal combustion engine with

the lead-acid storage battery. John Holland's SS-I, delivered

to the U.S. Navy in 1900, incorporated many of the features

developed over the previous two decades of submarine activity.
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Named the U.S.S. Holland, she included many innovations that

were not fully appreciated until the 1950's - a hull form

optimizing submerged performance, minimum reserve buoyancy,

a small streamlined superstructure, and a large diameter,

slow-turning propeller mounted on the longitudinal axis of

the hull. The 75 ton Holland was powered by a 50 HP gasoline

engine on the surface and a 50 HP motor submerged. Her

electrical power was furnished by a 60 cell lead-acid battery

with a capacity of 1,500 amps at a four hour discharge rate.
(1 )

Although the gasoline engine was soon replaced by the

much safer diesel and specific energy of lead-acid batteries

improved considerably, all military submarines through World

War II had, in principle, the same type power plant as Holland.

In the 1940's several attempts were made to overcome the

submerged speed and endurance limitations of battery power.

England, Germany, and the U.S. developed experimental boats

using hydrogen peroxide and diesel oil to run steam turbines.

These plants provided high power, but were considered

unsuccessful for their high cost, very high oxidant consump-

tion, and questionable safety.

Closed cycle diesel engine systems using injected oxygen

mixed with recirculated CO2 were also developed in the U.S.

and Germany but were never generally adopted. (6 ) The first

real alternative to diesel-electric power for submarines was

the pressurized water nuclear reactor introduced on the

U.S.S. Nautilus (SSN-571) in 1955. Presently, all combatant

I
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military submarines are diesel-electric or nuclear powered.

C. The Manned Submersible - History and Current Trends

The combatant military submarine has always operated

at relatively shallow depths. In fact, until 1934, the record

for deep submergence was held not be a vessel, but by salvage

divers who had reached a maximum depth of 190 m., but in that

year, Professor William Beebe taok a 2 1/2 ton spherical

steel bathysphere to the unprecidented depth of 923 meters.

Beebe's bathysphere, built by Otis Barton, was negatively

buoyant and supported from a surface vessel by a steel cable.

Electrical power was provided from the surface through a

1,000 m. long cable several feet of which, on early df,;es

were forced through the stuffing tube into the sphere by water

pressure.

The first modern submersible which meets the definition o:

this study was designed and built by the Swiss physicist,

Auguste Piccard. In 1939, Piccard began ccnstruction of the

FNRS-2, a bathyscaph or "deep boat". Construction was

interrupted by World War -I and the FNRS-2 was nct tested

until 1948. Designed for depths of 4,000 m., the FNRS-2 was

powered by an externally mounted, pressure-compensated lead-

acid battery of 14 cells and 900 amp-hrs which ran two 1 H?

motors, lights, and life-support equipment. A reserve battery

was also carried external to the pressure sphere. The FNRS-2

had only limited horizontal maneuverability with a speed of

about .2 knots.
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From 1939 to 1960, the history of submersibles was

written almost entirely by Piccard. The FNRS-2 was modified

by the French Navy, redesignated the FNRS-3, and operated

extensively in the Mediterranean in the 1950's. In 1953,

Piccard launched the bathyscaph Trieste which eventually,

in January of 1960, dove to the deepest known part of the

world's oceans, the Challenger Deep at 10,912 m. in the

Pacific Ocean. Trieste has undergone several significant

modifications and is still maintained in an operational status

by the U.S. Navy. Her initial power source was lead-acid

batteries mounted in the pressure sphere which drove her two

2 HP motors for a maximun lateral speed of .5 knots. As

presently configured, she carries externally mounted, pressure

compensated silver-zinc batteries of which 16 cells provide

5,000 amp-hrs. at 24 V. and 80 cells provide 952 amp-hr,. at

120 V. The 120 V. batteries drive three stern-mounted 6.5 HP

motors for a speed of 2 knots for 12 hours. (3 )

Three factors in the earl> 1960's were largely responsible

for a boom in submersible construction - Piccard's achievements

especially Trieste's descent to the bottom of Challenger Deep;

an increasing public interest in ocean science; and deep ocean

surveillance and salvage efforts subsequent to the loss of the

nuclear submarine Thresher at 2560 m. in the North Atlantic.

Between 1960 and 1968, more than 50 submersibles of significant

capability were constructed. Large corporations such as

General Dynamics, General Mills, Reynolds Aluminum, and
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Lockheed invested heavily in submersible programs. By 1968,

however, the economic realities cf submersible operation had

become apparent. This and the realization that government

funded "space programs" for ocean exploration were not going

to materialize led to the abandonment of many submersibles

under construction and to the lay-up or sale of almost new

vessels. All of the large U.S. companies, except Lockheed,

abandoned self-financed submersible construction, and the

field was left to a few small companies specializing in

submersibles and diver support equipment.

Since 1968, submersible construction and operation has

stabilized, and the pattern established since then seems

likely to continue barring some strong new Lpetus for deep

ocean exploration. Presently, governments and a few non-profit

research organizations maintain a small fleet of very capable

submersibles for salvage, surveying, submarine rescue, and

the installation and maintenance of underwater militar, and

oceanographic equipment. The U.S. Navy has a strong overall

suimergence capacility with the submersibles Sea Cliff, Turtle,

Trieste, and the nuclear-powered NR-l presently operational. (7

In the seventies, the U.S. Navy also acquired two "Deep

Submergence Rescue Vehicles" (DSRV I & II) designed solely for

rescuing the crews of disabled nuclear submarines.

Commercial activity in the seventies has been dictated

almost completely by the needs of the offshore oil industry.

New oil field activity, primarily in the North Sea, has led to
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the continuing construction of a fleet of small but versatile

submersibles to build and service offshore drilling rigs and

pipelines. In 1976, for instance, there was a 30% increase

in available undersea vehicles primarily to support petroleum

activities, (7 ) and if present trends in oil exploration - the

move to deeper depths and more extreme ocean environments -

continue, an increase in commercial manned submersible activity

will likely continue also. Generally, the point where

submersibles become competitive with divers is a function of

depth, but this depth is much shallower in North Atlantic

currents and cold than in the Gulf of Mexico. One company

in the North Sea believes that this economic cross-over is as

shallow as 120 m., and submersible activity there reflects this

with three companies operating 12 submersibles in 1977. (8)

Unlike the 1960's, submersibles today are carefully

designed to meet very specific mission objectives. Coi .ercial

submersibles will become more depth-capable, more powerful,

and more versatile in the future, but this e.olution will

occur slowly and only when definite needs and econcmic

viability are demonstrated.

D. Present Submersible Power Systems

Submersible power systems today are dominated almost

completely by the secondary storage battery and more exactly

by the pressure-compensated lead-acid battery. Busby's

survey of electric power sources in 97 manned submersibles
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reveals the following breakdown: 86 use lead-acid batteries;

6 silver-zinc batteries; 2 nickel-cadmium batteries; 2 surface

power; and 1 (the NR-l) a nuclear reactor. In 1978, an

oxygen-hydrogen fuel cell power plant was installed on

Lockheed's Deep Quest, and is presently being evaluated. A

summary of basic power source characteristics for representa-

tive submersibles now active is contained in Table 1.1. The

characteristics of different pcwer sources will be discussed

in succeeding chapters.
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CHAPTER II

DESIGN OF SUBMERSIBLE POWER SYSTEMS

A. Introduction

Because both human life and great expense are at

risk in any manned submersible operation, the seleotion and

design of a power system must be a well-defined and carefully

executed process. Once the mission objectives and the basic

characteristics of the submersible are defined, the design

elements and constraints applicable to the power system must

be established, their implications understood, and the

relationships between them defined. With these design elements

in mind, feasible alternative power systems should'be identi-

fied and evaluated in terms of both past submersible practice

and present technology. Finally, because of the delicate

interaction between various systems, the identified power

systems should be compared in preliminary power system-vehicle

confiaurations, and selection made in a systematic trade-off

with well-defined criteria.

The power system consists of several components including

propulsion and auxiliary motors, lighting, emergency power

supply, instrumentation, and the distribution and control

sub-systems; however, the main power source has by far the

most impact on overall vehicle design. Generally, the energy

storage and conversion sub-system comprises 75-90% of the

total weight and volume of present submersible power systems.(
3
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Although the general type and size of other components must

be considered, the power source itself will receive most of

the attention in early design and selection processes.

Finally, the design of the power system must be fully

integrated into the total vehicle design process. Manned

Submersibles (3) by Frank Busby covers all aspects of

submersible design, and a proposed flow of events in power

system design from reference (12) is shown in Figure 2.1.

This chapter will review the important elements involved in

submersible power plant design, examine the selection process,

and survey alternative power sources.

FIGURE 2.1
POWER SYSTEM SELECTION PROCESS(

1 2 )

Power System Vehicle Vendor
Conceptual Integration & Evaluation &
Design Tradeoff Selection

Studies

TPower System ower Power
Survey Predesign System System

Selection Design and
Installation

B. Design Elements

Major factors that must be considered in the design

of submersible power systems are:

.... Operating depth

.... Power source location and protection

.... Power source volume and weight
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.... Vehicle speed and propulsive power requirements

.... Auxiliary power requirements

.... Endurance

.... Replenishment of power

.... Distribution and Control

.... Reliability and Maintainability

.... Integration with other ships systems

.... Material compatability with sea water

.... Safety

.... Cost

1. Operating Deoth. This is perhaps the most single

important environmental consideration in all aspeczs of

submersible design, and it imposes many constraints on

the power plant. Pressure in the deep ocean can be

approximated by ignoring atmospheric pressure and assuming

linear variation in the density of sea water with depth

Ls:

P = .444d + .3 d 2'l,000j si

where d is the depth in feet. Thus, even a moderate

operating depth of say 1,500 ft. requires that pressure

vessels must be designed to resist more than 45 atmo-

spheres.

Designing structures to resist extreme pressures

results ininternal space that is both small and difficult

to arrange. Although stiffened cylinders are sometimes

used at shallower depths, a sphere is the most efficient

shape, in terms of its weight to displacement (W/)

ratio, for resisting external pressures. All active

submersibles with a depth capability exceeding 2,300 ft.
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use a sphere as the main pressure structure.

Pressure is one of many factors which dictate small

size for submersibles. The collapse pressure of a hollow

sphere is proportional to the square of its shell thick-

ness to radius ratio (h2/R2).( ) An extreme example is

the Trieste Ii. Designed for 20,000 ft., she has a high-

strength ( Y-100) steel pressure sphere which is 34 in.

in diameter and from 4 to 6 in. thick. (3 )

2. Power Source Location and Protection. There are

three basic choices for power source containment:

a. Main Pressure Hull. As menticoned above, the

pressure hull is usually a small cvlinder or sphere,

and internal arrancement space is limited. Locating

the power source here will either decrease the pay-

load and internal volu-me available, or it will

increase the size and weight of the hull. Systems

using caustic ele crcltes or inflamable flu-ids

may cause increased safetv :rcblems lccated in the

personnel sphere. Advantages in this system include

easy adaptability of surface designed batteries, ease

of maintenance, simple circuit desian, and maximum

protection from sea water. Although some ccm'ercial

submersibles with limited depth capability locate

their main cower sources in the personnel schere,

more advanced systems usually use this scheme

only for emergency b- atteries.
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b. External Pressure Capsules. Many small com-

mercial submersibles use this method of contairment

for battery systems, (3) and it is the method chosen

for the alkaline fuel cell system developed by United

Technologies for the DSRV and presently installed on

Deep Quest. (1 5) External containment frees space in

the main structure and isolates dangerous liquid or

gas from the personnel sphere. Often external

battery pods are droppable to provide emergency

buoyancy. The disadvantages of this system are

increased total weight, the necessity of engineering

separate pressure structures, and increased drag if

capsulls are mounted external to the main fairing.

c. Pressure Compensating Systems. Of the three,

this method of containment is the one used in mcst

(3)modern submersibles, and its one advantage

minimum total weiaht - is im:ortant enough in sub-

mersible design to overcome many problems exveri-

enced in actual operation. Disadvantages associated

with pressure compensation include difficulties in

maintenance, salt-water contamination, and problems

associated with gassing. A complete discussion of

battery compensating system configurations and

problems is available in Reference (16). In general,

battery cells are surrounded by oil which provides

insulation and pressure ccmpensation. Provisions



- 25 -

must be made for pressure relief, for draining the

system, and for preventing evolving gases from

carrying electrotye out of the battery. The latter

problem has been encountered in lead-acid systems,

and was the cause of early grounding problems in the

DSRV Ag-Zn system. (17)

Fuel cell and heat cycle systems which use

liquid fuels and/or oxidents may also use pressure

compensated or hybrid containment systems. The

Asthom hydrazine-hydrogen peroxide fuel cell sy.stem

maintains both reactants and cell at ambient sea

pressure. (13) P.roposed heat cycle systems would use

encapsulation for the energy converter and pressure

compensated tanks for fuel. Oxidant might be

carried as compressed oxygen or hydrogen peroxide

liquid. (6) Liquid reactants, if available for an

efficient, light-weight energy s-y-stem, could provide

near neutral buoyancy 'n a cressure compensazed

arrangement.

3_ 'Weight and Volume. In general a submersible Power

system should be as light and a nearly neutrally buoyant

as possible. Excluding bathyscaphs and exceptional

vessels like the NR-l, manned submersibles tend to be

small. Seventy active submersibles listed in Reference

(7) average about 6 m. in length and approximately

9,000 kg. in dry weight. Besides pressure mentioned above,

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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there are several reasons for this. A small, light

submersible will be less expensive, easier to handle and

transport, more capable of close-in work, easier to

maneuver, and subject to less hydrodynamic drag. In

some larger submersibles like the DSRV and the commercial

NGS, maximum dimensions are limited by air cargo holds,

and most submersibles must be easily launched and

recovered at sea. Sinclair (19 ) estimates that only 30-40%

of the capital investment of a system is in the submarine

itself. Increasing size not only costs more directly,

but requires larger and more complicated support ships

and handling equipment.

Depth capability provides strong impetus for keeping

power systems light. in a complete submersible, the sum

of all weights must equal the weight of seawater displaced

by all volumes (see Appendix 1) . Because of the thick-

ness of hull required, the buoyancy provided by the

pressure sphere is rarely enough to support the whole

vessel, and in very deep diving submersibles, the pressure

sphere itself is negatively buoyant. The syntactic foam

usually used as positive ballast is expensive, and ma-or

systems external to the pressure hull, such as the power

source, should provide minimum possible negative buoyancy.

4. Energy Requirements. It is difficult to generalize

about the total amount of energy required for submersibles.

Table 2.1 summarizes predicted requirements for different
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missions from Reference (15), but actual needs can vary

widely from these ranges depending on the vessels size,

the actual tasks performed, and ocean conditions.

TABLE 2.1
POWER REQUIREMENTS (15)

Power (KW) Maximum
Mission Ave. Max. Duration (hrs)

Ocean survey/mapping 20 40 12

Salvage/recovery 30 60 8

Rescue 20 40 2

Search 10 40 12

The best procedure for sizing energy systems is that

recommended by Busby (3 ) and followed in References (20)

and (21). Once power requirements for the various ships

systems are known, a power spectrum against time can be

constructed for expected missions and emergency conditions.

Figure 2.2 shows projected power spectrums for a 15 tzrn

Canadian submersible with diver lcck-ou and suit heating

requirements. The most carefully constructed pcwer

spectrum, however, cannot predict exact operating cir-

cumstances, and power system designs are assigned margins

as high as 25-50%.

a. Propulsion Power. Propulsion is usually the

major power load. The power required to drive a

submersible underwater is given by:

P = K d VI t2

where Kd is a constant depending on water density,
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surface area, and drag coefficient, and IV is

velocity relative to the water. Formula 2 reveals

the great cost, in terms of power, cf increasing

submersible speed or of operatin~g against strong

currents.

Propulsion systems are covered extensively by

Busby. ()with few exceptionsbesbe s

electric motors to drive screw propellers either

directly or hydraulically. Generally, the weight

and volume of electric motors and drive systems is

small compared to the energy storage system, and

Lund and ',cCartney 22 recommend maximizing moctor

efficiency at the expense of size in order to lower

total energy requirements.

b. Other Loads. After propulsi~on, external lighting

and manipulators or other work systems are generally

the greatest consunners of energy. The Deep Quest,

a large and highly capable submersible, carries a

total of 9 X;; in lighting, whil.e even a m-odest vessel

like the Pisces 1 has two 1,000 watt external

lamps. ()Power for manipulators and other external

tools is, of course, highly dependent on specific

tasks. Suit heating for the lock-out submersible

planned in Reference (21) would require 10 KW-, half

of the total installed power, and a modest under-

water welding capability would require as much as
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16 KW. (4)

Besides the variable loads of propulsion,

lighting, manipulators, and other work equipment,

the power system must maintai, a relatively constant

load for life-support equipment, navigation aides

such as gyrocompass and sonar, communications equip-

ment, and monitoring instruments. For a typical

submersible, these "hotel" loads total on the order

of 1 KW.
(3)

5. Endurance and Replenishment of Energy Systems.

Habitability conditions aboard most submersibles limit

single dive time to around 8-10 hrs. (3) while endurance

of power-systems is highly dependent on the specific

mission. A typical commercial submersible on a task

requiring little propulsion might go through two or three

crew changes before battery recharge, while a high speed

(2-3 knot) operation would be limited to one or two

hours. Ideally, the power system should be designed so

that in any mission it is not the limiting f

Failing that, the goal would be as much energy as possible

within the design constraints.

Replenishment of present systems is generally

accomplished by recharging batteries after the sub-

mersible is secured aboard its support vessel. Charging

time is on the order of 3-12 hrs. (9 ) The design ideal in

this case would be power replenishment in the same order
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of time as crew replacement. A new commercial sub-

mersible, the NGS, features compensated lead-acid

battery packs which can be quicklv interchanged, (1)and

the gaseous hydrogen and oxygen for Deep Quest's fuel

cell system can be replenished in less than one hour. 1 5)

In advance systems which require liquid or gas energy

storage or use unfamiliar technology, the desian effort

must deal fully with replenishment arrangements.

6. Power Distribution. Few generalizations can be

made about power distribution systems. Some submersibles

use only d.c. power at one voltage level while others

require several different voltage levels of both d.c.

and a.c. power. The general power distribution system

for Sea Cliff is illustrated in Chapter IV and general

guidelines for distribution systems design can be found

in Busby.
(3 )

Items of primarv concern in power distribution

systems are:

a. Redundancy and reliability in the primary system.

b. Protected emergency power for vital systems.

c. The design of hull penitrators and electrical
connectors. (An area of vital concern and much
innovation in submersible design, this is
addressed in detail in References 9 and 23.)

d. Cable, junction boxes, and distributor panels
that are watertight, encapsulated, or pressure
compensated.

e. System design to limit electrical interference
with electronic instruments. (A serious problem
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in past designs, this is treated extensive.ly
in Reference 9).

7. Other Factors. The implications of other design

elements are more self-explanatory or depend strongly

on exact requirements of the individual design.

Acquisition and operating costs, reliability, and

Maintainability are important consideratcns in any

submersibe esign. Closel> related to cost and main-

tenance would be factors such as the develotmental risk

in new systems, com:monality with other systems, and the

availability of operators trained in particuilar power

plants.

As in any sy°stem designed for ocean-operations,

materials must be examined with respect to their

corrosicn resistance in sea water, their compatability

with fuel, oxident, and, 'r electrol.'-e in the tower

syvsten, and t eir caI';anic behavior ".th other v n..

materials. 3ecause submersibIeS nusz c-erate in seas

during launching and recover'; and are sub~ect to

accident, the tower system should have a specified 4ecree

of physical durability and shock resistance.

Submersible operaticns are inherently dancerous,

both when submerged and during surface handling, and

human safety must be a primarv concern in an'.- ccwer

system design.
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3. Surmnarv. From the above discussion, some of the

desirable attributes of power systems for small sub-

mersibles are as follows:

a. Maximum power density.

b. External encapsulated or pressure compensated
system with minimum possible weight/displacement
ratio.

c. Size and configuration easy. to arranae within
the streamlined exzernal fairing.

d. Suffizient Dower to meez required loads and
transients.

e. Sufficient enercv to meet all mission orofiles
with reserve for emergencies.

f. Replenishment of zower in smallest :ossLb-e
time. (Ideally, same order of time as =rew
replacement.)

g. Distribution system with hi-h redunlanc%,
minimum hull penitratins, and minimum eectri-
cal interference.

h. Separate emeraencv cwer system in the personal
sphere to operate iife-supcrt an- otner ":::a.
equipment.

i. Minimm aczu. ad ca- and ner z:2Sts=
consistent w::h desi - n r'r~-. n-s

'4.................. aximum pmossible re lazoi .', a'vailaz. t, ... -
maintainabli:.-.

k. High degree of personal safety in both ocperaticn
and support.

C. Selection ?rocess for a Pc','er S 'ster7

Rich (12 ) suggests that a systematlz selectlcn

methcdoloc: shculd be applied to submersible zcwer sy:stems.

This zocedure, developed largely in aeros:ace appli rations,
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requires identification of the impcortant selection criteria

such as the "design elements" listed above, the assignment of

numerical values (weighting factors) to the relative impor-

tance of each criteria, and the grading of each alternative

system. Grading is on an arbitrary scale (say from 1-10)

depending on how well a system meets a given szecification.

Fcr each alternative the product of weightinc factors and

grades are summed. roducing a numerical "figure-of-me- t"

Althouch 4n is somewhat artificial, and heavil'y dependent on

the evaluaters udgement, such a procedure can be an important

4esign tool. t forces evaluation of: a given system, against

all the impcrtant factors in a design, illustrates the various

weak an- strong ccints of competing schemes, and provides a

recor' c- t'-: sele-ticn process.

The actual selection will, _. amos: all cases, aetend

on econcmic cons:deratcns. Avai_=ble systems w- c- meet

fesiz. 'fre es e ccm.are as to ths'.r'

and oDzrat n- C-7 :s ,Cr-~-'' 'sw:l

an a z -;'e55T

1lternative Ener'y Scurces

Alternative methods cf -- Lzary enerzy cznversizn are
shown :n Fiuro 2.3. eneral ' ' lv h electr c e -a s" oz

- ze. ce[$ an: storaz _a-ter>e: - eave -or .rcher ccnvers:n

S:-s e' e v; us: of :,,eat wh:> always entails an
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important increase in entropy, and they avoid the ineffi-

ciencies associated with engines, boilers, and turbines.

For conversion into electrical energy, the watt-hr. (whr)

efficiency of lead-acid storage batteries at normal discharge

rates is between 73% and 80%, while efficiencies for H2 -O2

fuel cells are theoretically as high as 90% and for existing

systems range between 50% and 73%. (Fue! cell efficiencies

are discussed further in Chatter 1I.) In comparison, values

ascribed to thermal engines are much lower. Estimated

efficiencies -or alternative closed-cycle combustion systems

are as follows: Diesel 23%; Wankel 13%; Stirling 25%; and

Brayton 32%. (21) Conventional thermal engines have muc.h

higher efflciencies (Diesels range from about 30-43%) than

these specialized systems, but still la- well behind electro-

chemical systems. Present thermcicnic and the-cerelec"ric

generators orerate at less than 10% efficiency. (22)

Many other characteristics besides efficiency must be

examined in seetin an energy system. Present batteries

nave comparatively low energy densvity, while available f-"'

cell systems are relatively exnensive. However, the high

efficiency of electrochemical systems makes them cometitiveti_

in the long run for any cortable energy syszem.

Currently, only three basic sources of energy nave been

used in small submersibles - secondary storage batteries, ,uel

cells, and surface power. Fuel cells will be discussed in

detail in Chapter !!I. Here the basic characteristics of
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other cssible systems will1 be reviewed.

1.. Batteries. As mnentioned in Chapt-er -, electro-

chemical storage batteries have a long hi--story in sub-

marine applications, and are presently the overwhelminzg

choice for -manned submersible -cower system-,s. Because of

their relative si mplicity, reliability, and low cost,

and due to =rocress in nig7h pcerformance sy-stem:S,

batteries are l'; to be used in the maofi~0

su:mersible syste-ms in the :ors-E alf'"

Existing batteries, hnowever, still sC---------- th

oefici-ncy mentcioned by, L. Y. Scear :n 1901. ,l)

"The storage battery7 i -sl ad.mi-rable 'in
somr.e respects, but exceed-inol': inadecuat-e
in ot'-ers. -Orr 4 rc le ob -ec~ -n n

thie well :now, n one of excessiv~ eih
and space in o"r--r:on to the ::ower
d"eveloced-.

D-eszoste a nearlyiv-fi increase in, szecafi-': enerc:w in

today's lea"J-acid: batt. ery sysem oer tho-se S-car yar

talklng abc.uo7, this critISm- I's st:ill so ,ano

many7 zr-Esent ano r-de umril missioons a--=

Power .limited %w;1n exstnrtoris

Preszent systems are lead-acid, silver-zinc (Ac-Zn),

and nic<el-cadniuin (:,*i-Cd) secondary. b'atteries, and.

many, different ad%-anco s-,.stems have een sn-vesziaateo

for submersible ue 2,42) he bDasic characteri'stlic

of some syst-ems confio4ured for submersible oea- are

listed in Table 2.2 reiroducod from Reference 24, and-

a com-parison of specific energy and energy density of
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present and advanced systems from Reference (22) are

shown in Figures 2.4A and 2.4B. Only a few of the most

promising advanced systems will be discussed here.

a. Lead-Acid Batteries. Lead-acid batteries are

the standard for manned submersibles for many good

reasons. They are well proven, inexpensive, rugged,

reliable, and easy to ser-ice. They have a

relatively hich cell voltage (2.0 V.), a long life

cycle (approximately 300 discharge cycles), and are

comercially available in units designed for

pressure-compensation. Their major disadvantages

are, again, low energy density and problems associ-

ated with electrolyte spillage or leakage. Present

submersible systems are capable cf about 26 :hri/Kg
(22)

at a 6 hr. discharge rate.

Advanced lead-acid systems are capable of 4D-63

whr/Kg at the expense of greatly reduced cycle-

life, (24) and the Decartment of Energy is szonsoring

development of lead-acid systems for electric

vehicles with a goal of 40 whr/Kg.(22) Fairly

recently, lead-acid batteries with paste electrolyte

have become available. 2O) Althouah they have

about the same energy density as present submersible

systems, these batteries are not subject to leakage

due to battery orientation.

b. Silver-Zinc Batteries. At approximately
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110 w"'Tg, Ag-Zn batteries have four to five times

the energy density of present lead-acid systems.

They are used as primary power in a few advanced

submersibles and provide emergency power on several

vehicles. Other advantages of Ag-Zn batteries are

good tolerance to high discharge rates and long

dry storage life. On the other hand, Ag-Zn have

several serious deficiencies. They are expensive,

have a short life (10-20 cycles) for deep discharge,

and have a wet storage life of 2-18 months.(
2 4 )

In the past Ag-Zn systems have also had reli-

ability problems. A survey of Ag-Zn installations

in seven different vehicles shows two failure modes:

internal shorts and a gradual loss of capacity with

cycling which is not generally predictable. (27)

The DSRV Ag-zn system, requiring multi-drive, rapid

turnaround mnissions, was plagued wsith grounding and

early loss of capacity. The grounding problems were

eventually traced to XCF electrolyte being forced

onto the tops of cells by gassing and were corrected

with new battery caps, but there is still no

reliable method for determining the state of charge

of Ag-Zn batteries. With improvements, the DSRV

battery system is limited to about 9 cycles before

replacement. (17)

c. Nickel-Cadmium. Ni-Cd batteries are presently
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used in two manned submersibles. (3 ) Although they

have a slightly higher energy density and a

comparable cycle life, the are more than twice as

expensive as lead-acid batteries and have a low

cell voltage (1.0-1.3 V).

In the past, Ni-Cd batteries were desirable

because they were available as completely sealed

cells. Wit, the develcpment of sealed, paste-

electrolyte lead-acid batteries, it is doubtful that

Ni-Cd batteries will be competitive as major power

sources for submersibles.

d. Advanced Secondary Batteries. There are many

secondarv batter systems now under develooment

which could be used in future undersea atplications.

The predictad characteristics of "li"ely systems are

shown in Table 2.2 and Ficure 2.2. The mcst

!romising amcn these still recuire siznificant

resear ., and. they have c-eratin :haracteristics

which could be na-or oroblems on small submersibles.

The lithium-metal sulfide batteries, fr examole,

may' be cacable of 155 whr/Kg for as much as 1,000

cycles, but they must oterate above 4001C. with a
(22)

molten salt electrcly'te.

e. Advanced ?rimar" Batteries. Two primary

(un-rechargeable) battery systems appear to have

significant potential for submersible applications.
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The lithium-thionyl chloride battery has

extremely high energy density (500-600 whr/Kg),

a cell voltage of 3.6 V, long operating life, good

low temperature performance, good voltage regulation

and can be pressure-equalized for submergence. (5

Early batteries would explode if short circuited

or if exposed to high temperatures, but these

problems have been corrected in recent versions.

Other problems have been short shelf-life and

sensitivity to cell orientation. Although it is a

primary cell, the lithium-thioynl chloride battery

is reported to be economically competitive with

Ag-Zn secondary systems.(24 )

Another promising primary system is the lithium-

water battery. In this systema, a consumable lithium

(or lithium alloy) anode is ccupled with iron or

nickel cathode structures. Seawater electrolyte is

circulated througzh the cell, and the power level is

adjusted by controlling the electroiyte ccmnosi-

tion. (25) Several refinements to the basic cell

have been made, and a 25 kw lithium-water-hydroaen

peroxide battery under devellpment is exzected to

yield 440 whr/Xg at a 30 hr. rate.

2. Other Power Sources

a. Dynamic Converters. A nu-ber of dynamic

machines have been proposed for submersible power
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sources. These include open and closed cycle com-

bustion engines, closed cycle engines using heat

storage or radioiostope energy, and mechanical

energy storage systems.

1. Combustion Engines. Among candidates in

this class are piston, Wankel, Stirling, and Brayton

engines. Advantages are high specific zower and

high power density. Open cycle combustion s'ystes.

require overboard elimination of exhaust products

resulting in increased fuel consumption with depth

and a constantly changing ballast condition. Closed

cycle systems require onboard treatment and stowage

of combustion products. In this respect, hydrogen

fuel (although storage-efficiency is poor) is

attractive because it requires less oxygen for

combustion than hydrocarbon fuels and because the

product water is relatively easy to handle. (21)

General disadvantages of combusticn engines comtared

to electrochemical s-.'stems are noise and vibration

and relatively high specific fuel consumption.

Combustion systems might be desirable for missions

with high power, but low total energy requirements.

A recent Canadian Government study found that a

10 kw closed Stirling system with .wast heat

provisions for dive heating was the -referred

option among engine systems for their 14 ton sub-
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mersible. (21) Aeroject-General has developed a

closed cycle diesel system in tw;o packages (60 and

1,000 kwh) which completel>" encapsulate the energ-y

system. The 1,000 kwh module is 4 ft. i diameter,

20 ft. long, and at 16,000 lbs., has approximately

the same energy density as the Ag-Zn battery.(3

2. Closed C'-cle Encines 'ithout Combustion.

Several schemes have been orocosed f:r using enZine

systems with thermal enercv storace or radio-

iostoce heat sources. The Stirlina encine is often

mentioned for these apZlicaticns due to its high

th-ermal efficiencv.

Ther-mal enercv storage in the form of sensible

heat storage combined with a closed cycle enzine

could result in a relatively simple sv'stem with a

hizh cycle life. it has been estimated that lithum

,-dride could nrovide ener v .trae u, to Ri... .. ( _ u 14 -m r

Kz not consiierinc conversion equizmenz, (1 4 ) and

sens le heat storaze has been aemcnstra- w-n a

closed Brayton cycle engine. (22) Problems exist in

the stowage of hot materials with high sensible heat

and, in the case of hydrides, with material

embrittlement. According to rund and ,cCartnev (22)

this scheme is best suited to missions where high

weight and volume are acceptable trade-offs for

simple operation. Thermal storage systems using
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phase change in inorcanic sa Its are also con-

ceivable, althcuchn rot practically develozed.

Some suis(12, 13,14) 'lave suggested radi-o-

isotope heat sources for closed cycle c:ower con-

verters; however, hi4gh costs, low t:ower density,

high total weight with reczuired sidgand

biological hazards ziake t.-en -.nli:ke>:cny :ae

for -arnned submersibles.

3. Mechanical ZEner,:v Storace. :enerallv, these

systems have a high power-co-energy rat-.o bu,-t a

specific energy lower than modern storage oat:-

teries. (22) Aldvanced fly/wheels might: have applica-

tion in a system rea~iirinu high short-term now~er,

but this recuirement: does not apply to submersible

systemis to nearly the sam~e degree thtit does to

surface vehicles. Compressed gas eneray storage is

simpole and c"heat, buLt even at high pressures zrov_ _es

ab-out half th-e szlecific enero': of e-ci

batteries. (22)

b. Thermoionic and Thermoelectric Generators. The

direct conversion of heat to electricity., alithouch

promisina in terms of System simplicity, does not

appear to be a near term possibility for submersi -

bles. Current thermoelectric power converters have

efficiencies of less than 10%, and tlhermoion.o
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endurance reauirernenzs will derman 7nore ez:.-ciency. 7n

one case, (2)a fuelI cell s,,strem wit'- lower e fifoic -enc-v.

than another was counted as a :tossible advantace becamuse

o: greater thermal waste for diver *-eazing.

Costs are es7oeciallv dif-ficult- to assess :or new,

sy/stem-s. Su~mnersi4bles recresent a ver-7 limited mar -et:,

and even.w''eeoe teonnoccoes frc. .

tions recuire exltens-- a'7: oni ad

undoersea use. Coszt co:arisons frtm Reference (21 r

cresented i-n Table 2.3. These wee ased on exte-s-ve

comnun ica- ons and contrac- S--d.1-e S4 wtn various vnos

but can still1 only be descri-ed as ~e~fmz~u~

estimates. Cacital costs for th'ose sy.stems ,s--*noc

hvdlrocen and oxygen. inclu,.de S140,0D% 2otretanks

. c oou.c be hi:on-'v variab'-le deoen-tinz on a--~

s ,oraze me7:hoc-(s. .. ecost 7:e- dive nue :c

:Du d n.-f-1e

zatterie ccntinu2 to: b:e th-e 6tand-arc: Ccw.'er scource

rocr su -r.ersibDle owrs-steDms. in cases -;here he w ,- :

:=nalti;'es and imte onrcv denst-.' of - -Se-

are u:zea" several ad-vanced ytmsae ~ ~ '-

cnem:7ical uelt ce, resent.v on :f r most att racti':e
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CHiAPTER 171

FUEL CELL POWER FOR >LANNED SUB.MERSIBLES

Chemical -fuel cells have beer, proposed for submersible

Fower systems since their first success-ful application to

space fli ght in the early 1960's. ;,-ith sufficient development

man", different t-ypes of fuel cells :mic:hc b adac:table to s-.all

submarines. The- present study, af"ter eoriafu-el cells in

general, will concentrate on thnree relatvelv a.-anceo vs

tems - United 'Technlogies' ?C-l5 cwer plant and the

Alszhm :nrazine-hvdrocen :neroxacde systems which, have -een-

enzineered into comnlete su!:mersible zower s%,stens, and the

5eneral ZElectric solid olerelectrolyte cell which anzears

adactable to su bmersible use *with Ilttle technocczicai risk.

IA. :h 2em Ico aFIel Cell.1

1. Definitizn. A fu.el-cell is an electroly--te cell

*~:cns Ccnrncs suce p .t 1lec1.cnneda

reactants as eLectrical enerc : i s c ra wn fr the cell.

:h1ecreticallv, any t-.,o cn-emial s:Decies wiIch reac

electrochemicall1v can be used in a fuel cell. The

reaievsimnle reactcon, of h'7-drccen -with oxyg-en ha-s

been used most succ:essfully in current appolicaticns, and

-;11 d zenonstr-aze the baszio cceraticn of fuE . cells.

2. 7he Easic H-C Fuel Cell. FZ', u rea 3.1 illustrates

the general reactico: crocess in a hv-ydrcen-oxvc-en fuel

cell with alk-aline electrolyte. in this case, h.drocen
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gas fuel is fed to the anode where it reacts with

hydroxol ions to produce water and electrons:

2H + 4 OH -> 4H0+4e [1]

while at the cathode, oxygen combines with water and

electrons to replenish hydroxol ions:

0 2 0 2 + 4e - 40H [2]

A cell with acid electrolyte operates in an ana-

logous fashion with hydrogen ions "carrying" the reaction

and water forming at the cathode (see Figure 3.1):

2H2  4H+ + 4e- [3]

2 +4H + +24e - 220 [4]

In both cases, the overall reaction produces water

with one Faraday of charge released at the anode for each

gra-m-atom of hydrogen consumed, and the net reaction i:
2H + 0 - 2H 51

*2 2

Even for the sim.le H')-0 cell, the actual reaction

mechanisms are much more complicated than indicated

above and depend on many factors such as exact electrode

materials, electrolyte composition, and the electrical

state of the cell. The thermcdynamics and kinetics of

electrochemical reactions, with specific regard to fuel

cells, are discussed in detail in References (2S), (29),

(30) and (31).
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3. Efficiency of Fuel Cells. The comparatively high

efficiencv of electrcchemical systems is remarked on in

Chapter IV. The isothermal efficiency of the hydrogen-

oxygen cell in Figure 3.1 is 83.1%, and actual overall

efficiencies of operating H2-O systems range from 50

to 75%. The major losses are due to heat produced by

the change in entropy of the reaction system (TIS) and

due to irreversibilities in the reaction process. Cther

inefficiencies occur because of the diffusion of fuel cr

oxidant across the cell causing direct (vice electro-

chemical) reactions and due to reactions of other

chemicals in the system. The thermodynamic definitions

of cell efficienv are reviewed in Appendix 2. For total

system eff_4c iency, the power requirements of system

auxiliaries such as reactant and electrolyte pumps,

heaters, and controls must be considered. in tvical

systems, these auxiliar- recuirements will recresent 5%

or less of total power output. (29)

4. Classification of 7'uel Cells. Fuel cells can ce

generally classified by three criteria: reactants,

electrolyte, and working temperature. A recent review cf

fuel cell develocment y Kordesch (3 0 ) shows a areat

variety of cossible fuel cell configurations. in pre-

sent research, examples range from megawatt level pow^'er

plants using molten carbonate electrolyte, h."Iydrocarbcn

fuels, and air to biological cells burning glucose and
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oxygen from the blood providin' power for artificial

hearts. High temperature cells offer greater flexibility

in fuel and oxidant usage and reduced catalyst require-

ments, but are generally in the developmental stage.

5. Electrolytes and Electrodes. Given szecific

reactants and operating conditions, a fuel cell's perfor-

mance depends on the nature of its electrodes and

electrolyte.

a. Electrolytes. Typical electrolytes for low

temperature cells include aqueous soluzicns of

sulfuric acid, phosphoric acid, or potassiumnhyrox-

ide. Ion-exchange mernbranes, such as G.E.'s s oid

polymer electrolyte, are also used. Cells which

operate much above the boilin. point of water use

very concentrated acid or basic solutions or, above

350'C, molten alkaline carbonates.

Generally, the electrolyte must have high elec-

trical ccnductivity and high moility of the ionic

scecies to minimize bchnic and concentraticn .osses

across the cell. Ideally, the ion which oarticL-

pates in the reaction should carry all of the

current. Conversely, the electrolyte should have

nealigible electronic conductivity to prevent self-

discharging. For low temperature cells, alkaline

electro7yte is generally superior to acids because

of lower polarization losses at the cathode(29) and
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reduced corrosion of electrode and other svstem

metals. However, in systems where carbon dioxide

can enter the electrolyte (as a product of hydro-

carbon oxidation or as a constituent or imzurity in

the oxidant), carbonates can form in alkaline

systems causing cell degradation. (28) Because of

recent advances, solid polymer ion-exchange

mernbranes are a very attractive electrolte s,.ste m

for low temperature fuel cells. T-e G.E. solid

polvmer system will be discussed in detail below.

Depending on reactants and cell construction,

reaction products may alter or diluta the electro-

lyte requiring constant electrolyte treatment, and

in all cases trovisions must be made for removing

heat from the electrolyte svstem.

b. Electrodes. in order to achieve hioh soecific

power, electrodes must prcvide a large =2fective

area for reacoion processes ccmparet to its cross

dimensions and weight. Electrodes musz als0 have

high electronic conductivity, and sncuid e capable

of handling high current densities. Electrode

materials should oromote th'e re--tcn at the

highest possible rate, and the s-ecific catalysts

used in a fuel cl1 decend cn tne nat.re of the 'ue!

or oxidant and on workina conditicns. n -0

cells, platinum or olatanic allovs cenerallv



- 58 -

catalyse the anode reaction while cathodic cata-

lysts include platanic zmetals, gold, silver, nickel,

(29)_carbon, and some internetallic ccmounds. The

mechanisms of catalytic electrochemical reactions

are extremely complex, and in general, only

empirical studies accurately predict a specific

catalvst's =erformance.

Because nreczous l catal;s s are one of the

major factors in the h-th cost of zresent fuel cells,

a great deal of effort has qone 4-to findinc alter-

native electrode materials and into reducing the

olatinum ioadino of anodes. , H1her .=mzeratare

systems require lower act v:ity catalysts (reacants

at higher therZl energy more easily exceed the

activation eneray of the reacticn' , but this must be

balanced against the chemical stabilitv of the

electrolyte, increased catalyst corrosion and other

material degradation, and ease of ceraticn. F7r

low temperature H2- C cells as as S5% c- the"2 02cel

cost of precious metal catalysts can be recovere c

reprocessing. (15)

6. Fuel Cell evelooment. The ccncept of fuel cell

enerzy conversion was proosed by Da y at the be:inning

of t-he nineteenth century, and -7 R. Grove ocerated a

hydrogen-oxygen cell in 1S39. (2 9 ) Since then, there

have been pericds of high -ntrest and exerime on
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followed by periods of disenchantient and neglect. In

the past twenty years, significant advances have been

realized in fuel cell technolog-, and a great variety of

cell types have been proposed and tested. (6 ) Despite

this, relatively few complete fuel cell power systems

have actually been built. The 13 systems listed in

Table 3.1 probably represent a mazorait y, in total number,

of the fuel cell clants with a caoac-Ltv oreater than

one KW built in the United States.

The only sustained no.-experar.en tl apglications :or

fuel cell rower have been in space flight. Since the

first Gemini cell was delivered in 1- 9-63, fuel cells have

provided reliable, lightweight energy systems in many

suace misslons. For ,'-e Acollo program, United

Technologies delivered 90 pol4er plants to NASA, and 16

flights involving a total of 10,750 hours of operation

were comoleted. (15 ) In general, stace ncwer systems are

eni.eere : weit,., performance, ana reliabilit y:

rather th-- low cost. :xnensive fuel coel systems are

comnetitive because their cost is offset by high energv

density which reduces the overall weight to be boosted

into szace and hecause power system hardware is a

relatively small part of tctal mission expense.

Many other mcbile arviications fzr fuel cells have

been tested. These include cars, trucks, motorcycles,

tractors, and cortable generator sets. For road vehicles
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fuel cells offer clean, noise-free propulsion; however,

present systems do not perform efficiently over

large power ranges required. A promising approach com-

bines high power density advanced batterieS for azce-

eration with fuel cells for sustained low-level power and

battery charging. Union Carbide tested a hybrid fuel

cell-battery svstem in the late sixties, (2 9 ) but this

company has sinze dropced out of fuel cell resear.h.

Although many technological and economic barriers

must be overcome, fuel cells appear to have a c-_rcna

future for utility power. Small (10-40 KW) autonomous

generating plants us4ing natural gas and air have been

tested by United Technologies in over 35 separate

installations and have produced approximately one million

kwh of electrical power. The General Electric solid

polymer electrolyte cei1s could conceivably be used in

larce load-levelinz s';stems - oeratin to hydrolze

water during periods o' lcw demand an' 'n a fuel cell

mode to pr,74e poer during dem;and peas rimary power

generation on a large scale may soon be available with

molten carbonate systems. Such a system using methanol

derived from coal and air could provide utilit - 
_ower

at unprecedented efficiencies with few pollution :rblems.

Finally, fuel cell systems offer an alternative

cower source for submersibles. Past develocments and

present prosp-ects for this will be the subject of the

next sections.
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3. T*-e Deve_=en :f7-e7 CeU' SSteMS ft rSbmri

s:*-crtl',. after o:-eir successful dovelooment :or

szace -2xzlor atior'., 4:-el cells began to receive seric'us os-

4era-4cn c- subm'es4'oe zoower.

As earl-. as 1965, a fuel cell tow%,er system was nstalle:

CIen'eral omis Star I. A s chem at i _c f t s--s:e:

enzineered b-, Allis-Ch, 1zmers , iss _:n F. z ocre 3 .2

Hvrzan0000ass-;= hyroxido e etrI-:2 were "-:-

circulat:ed thruhte c-21 w c.. x,.7en' cas wa--_Sadite tc

th-e cathod-e. Aloho-uch- the calls of this cell 's ccertlz

are -ow kn-ow.,, zrcduct water w.as apparen~tly ~an' .. t n

electrol-yte-f:Uel mixtUre. 7ressure :7, the swsex wasn

maintained at ambient sea' :re ssure c"- ret-Z_-n: . . r*.. - -

evclved in th.e react ion. After teszs, e' ad-acid oatter_ es

were re-,installe d and a few. wears lorStar -.,;as

Anotn-er earlveoroetwonre cell __ ---

se a aco''~ -7*-, c -nc fC -a ee

b2e meore. A Unte :cnlo'7 .. :2:

used in Acclo sr-ace caps-ules, w.as us-cd -,n _959 to

s t a t Ioa ry u nde rwat er h a bI't at a t 5 f t. o f d e~ z thn I

3each-, Florlda. The 5-K:;- 1- -o 2 tmwhe.>j

100 7si bocttled zas, and suociec qoe S 4~~r. 34

A ma4cr U...S. qcvernment n-fc-

zoculsicn forsueroesoanwna

u;noersea ene.trzcw s%-stems from the tin..cv:'

:n1963. T:his retocrt reco~renceo oi r:
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develormenz: of fuel cells and closed cycle dvna_-n4c- engines

for medo4urn endurance (to 30 da-.s) ener cv scurces in the

1-100 kW~ ranue. Beginning in9'9, 7United TecnnolcgiJes (then

Pratt and Whitnev) becan extensive sr,,dies for f',.e. cell row"er

systems for t-e cr1anned Deco Su 'bmergence Search Vehicle (D)SSV"

Two basic s'.stemz wer-e _valuatd in detail - an encaosu_--_

sytmand a rssr-aaedsvstem -_s~nz . razo ne

a nd--dhvcr ze:-- zr x Ie. A!:thouach zhe zcr cca crs-,r

s*,s--2 ~ ~ ~ ~ ~ -~ -.-. w s c - e d d t r m ~ ,'-!t-

erfomar~e, rinailvde to minim.al weich-t and --cl'- = "-ac

ee n a-: a _ S*- s tem re sent ed I=es s -_e cnica I ri S' a n'4 was

c-.osen :or- dev:elcpment. 2 0 Th fnal result ':: psrozra~m

was the trncio 97L o h C umril oe

a'n t h'e :ssvcroect was evnul;abandonef_-, andth

P C -15 cl1an u ,n -e rwentr ev' 2-'con fo cr i ns t allatzon n he

DSR';, and,2 fina --.- , in 19 7 was ins -:a!led on Lockheed- s Deerc

:uest. T'ie _7C-13 is cresent-; th-e ol n~

-.- i : -- se -.--.. sea -: . .it

One other fuel1 cell1 systrem has be en re Sted --:- szes e

azc:1ications. ~n1970, a small rmhda

eroxi.ce sy:3em.. nclnted x-2al to the SP333 vin

.'a-uc.r" c:rerateC' 4n Mrzeill e, ?rance bythe Cn~

Ac~;anoS 7,ietuis hi -a Cel was I:load edC 2

bDv1 , lht i no, ' .2 fo raeod I a she It e r -2 lca ticn to -. £2 D tr s .

ThiS basio sytm a amor e:.:canded in*to,-: 1 and 10k
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packages which will be describ:ed under hydrazine cells i

the next section.

Several other fuel cell svstems have b',een orocosed cr

z-artly developned, only a few of which will be mentiorned *-ere.

In the late sixties, the Swedes began building an E 2-o0

sys temn for a mili tar; submarine . Their design would have used

ammonia as a source of '-,,droaen and =cr-cenic s-'c-acze fr

oxygen, but development was discontinueda folwi accidentS

ishore-based testi'ng. Presently, the Canadian an--

W est -erman oerensare! 'n-ves-:cat-nC fuel cell s sem

(33)
-or small (a :=roximatel' 1,000 tons) milit-ary ubains

C. Present Aler-a 4tive Fuel Cell S-y.stem7s.

With extensi :e- research and eec en

differentz clamsses o-'f-e_ Ce1 CC,' n Z-T"

f or s ub:,.e rsI'b 1 cwe r s yst e ms. Kere, onli C.

systems that ar-e cresaDnl'; availab-le or- -'-at 1 - 7 E

stronot& ~ fo C~'asc apclica ticns willc xor

"22A%,tas .ac ~ -C fe Ic e IIs -.7e r

Primarily developed for the U.S. szace prga.They

nave mrany. ao'.,,antages for sub-mersible -cwerinldn

efficiency, high energyv ocnsitc , an eas-iy han dle7d(f

react~on product (-E,O) , and hihrlaii C n t he

other hIand, they are presently e:<zenscv'-e and 1m1e

reacimants , although ' eas-1---anbe are d fic,'ct

store or. a Small sumril.Two basic systems -,ill bDe
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described - the co mplete PC-15 pow.,er plant and the

solid polymer electrolyte fuel cell. Additionally,

alternative reactant stowa--e methods will be surveved.

a. The PC-15 ?- uel Cell Poe ln. The general

characteristics of the PC-15 cow.,er clant are liszted

in Table 3.2. Alt-houoh it 4S a ot'rect descendent

of the AL-ollo alkaline cell, th'e *P:C-15wa enz4 -

neered with less emoha'-sis on reduced we--*:'--,

increased ' r;n tm ewe maint-enance, and

simrolified sucoocrt recu r e en ts .

The PC-li costs of t-o r7jcr suba s semb-ies:

the cower seoticn and the accessory. section.

The Power sectin. ccnsists of untzdelect:rode

assembles (7u:A) which are electrically. connected:4_

series. Aschemat-ic of the basic UE s -j*c:tu red

in Fcure3.2 hcbasic cell -cnsi-sts of ancde

and ca thode screens 7: -2 y an E__z

contaaninc E--t-'.e anc~tt~Lao

n i~. S cuar_ an ~ mil :-1'--

nickel reservoir ::late is dcn to:e nc,

and the reservoir c'L.:z and are -

.n a structural frame of oor'x' a~n nd.:or

a -ass.

.e '_'.A's are isoat.----------c

tve Cfs:aa: ~te.Acm~a~noae

4nstalle4 =cz;:nyrya:.rUA and4 td:is
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TABLE 3.2

PC-!5 PCWER PLANT

Rated Power 20 kv q 100 to 140 7do

.Maxirnuz Overload inMaximl Overlad in 30 kW 1 100 to 140 VdcThermal Ecuali iriu-m

Peak Power
(Motor Start.. ) 50 kW 3 9 do

"7eh 391 !bs

Size 14 in. diameter x 72 in. long

Allowable Altitude 45' cotuous
60' for 5 min. 3 : kw

Start-ur 20 minutes

Active Sta.dbv
{Capable of 30 kW Unlimited
instantaneous ioad]

Shut-down instantaneous

Reactant Consumrptin .3 Pounds,:s

Ee y 32% KOH

Pressure 60 =sia

emz e raze 65'-1100,C
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FIGURE 3.3

BASIC ELECTRODE ASSEM.BLY FOR PC-15 POWER PLANT

A>.Z: ,';T 'Au 'i,_ed q -. '

II " I1

AA
"~r3t'

hydrocen to the ance C' one cell an,-- cx'cen to t'-e

cathode of the a-%4acen cell, whle e altr-

nate cells t.-ere r z i uai or C, seoarator

Plates. .he Side of th.oaese pDIe:es s a_s

used for coolant circulation and product water

remnoval. The separator pcates are machined of

2-agnesLT and cold -*a-ed for low cntact resostance

and corrosion resistance.

.hen the UEA's and tpeir se-artor olates are

assembled, cenincs around the ..eripherv cf each

unit line up o form internal -manifc]
4

s which
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distribute reactants and coolant to the machined

passages in the plates.

The PC-15 consists of 120 cells and asscciated

separator plates compressed between two stainless

steel end plates with insulated titanium tie-rods.

The separator plates at each end of the unit have

extensions for external rower cables, and one end

plate has openings which line up with the internal

manifolds and interface with reactant and coolant

systems in the accessory section.

The Accessory Section - a general schematic of

the PC-15 system is 1ictured in Figure 3.4.

A reactant gas regulator maintains gas pressure

at the electrodes at aroroximatelv 60 osia under all

operating conditions. Oxycen rressure 4s kept

slightly higher to insure diffusicn will not result

in water in the oxyan sioe.

Hydrogen and water vapor are acula- z=

14 ft3/min by the motor-driven puro-serarator.

Water is condensed, separated, and pumped to

storage.
II

A motor driven coolant pump circulates doe :ec-

tric fluorocarbon coolant through the rower section,

the condenser, and an external heat excranger. A

valve downstream from the r=.p controls flcw

accordinc to coolant temrerature, and two three-way
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FIGURE 3 .4

THE PC-13 POWER PLAN:T
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valves maintain power section and condenser

temperature cy mixing coolant from the power section

and the heat exchanger. Temperature schedules of

the thermostatic valves are coordinated to maintain

temperatures so that water is removed from the

system at the same rate at which it is produced. A

coolant accumulazor orovides an extansion voiu me for

changes in coolant density due to temperazure

variations and due to compression of the external

heat exchanger with depth.

Other major components of the accessory section

are:

An inverter providing 400 hz, 3-chase,
115 V. power for pumps and 28 Vdc for
electrical control elements.

An internal control unit which monitors
operating conditions and power outpuz,
controls cell heaters, and includes auto-
matic shut-down curcuits.

Electrical heaters providing -4 .7 -or
start-ut heat and - ' ,, to maintain
oneratinQ temceratures at low tower Lel;es.

As described above, the PC-iS needs on>.: ressure

containment, hydrogen, oxygen, piping, and external

ccntrols to orovide a cmplDete f.el call tower

system for submersibles.

The DSRV PC-15 System. Figure 3.5 is a schema-

tic of the fuel cell system enineered (alth-uch

never installed) for the DSRV. Th-is system
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in~cludes two; zc- wer nints o'.cased---,tr

na.>. r-s frecol'erS o.f :iY-_0 s:0e

Each cyi-,nder is 72 in. lcng and 13 in.. in d:.ar'.et-r.

Reactants are stored at 3,000 !:si - Ivra n

67.8 diam'eter sphere o: r-,'-100 steel, cx-Ygen int'.-

38.8 in. scheres of FY-130 steel. The crcd-ot !r

ccnainrent -vessel is a 32 in. sph:-e

steel and 'Ls maintained at ceiozera:: n

(-0 'sa) . Thie reactant sYstem :C~e C:L

mate!,, 730g kw-,h o f enerzv. T-e cnl3esto

SCHEYAIc C OF T;hE :SR'' 7f- - '----%
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weighs 9,136 lbs. and Zorovides 626 lbs. ofcstv

Iuoyarncy submerged.

A master ccntrol nanel in the ceratcr's siznere

=rovides moni4toring and manual control fu nctions.

Dee? Quest. The svstem installed on Deep Quest

is a slight alteration of the DSRV system. Only

one PC-15 tzow.er -zlant is installed, btreactant_

sto~waze is identi _cal -. it--h a t~otal of 7100 kwh. As

of March, 1-379, Deeo 'uet-as csmntleted 19 secarate

-coeratt-ons w-':n accroxim'atel-. 1,000 kwh of enerc2

7rcuced.

b. The Solid O-o-7-mer Electroly.te FulCell. T he

solid colvmer e':ectrolyte (SF E) , or ion-exchance

memrane, fecllhas been. Cevelosd !Dvy

t-he GOeneral Electric Ccomsany in.- Wilmingtcn, M.17

-he -Orincicle2 of the S?- cellishonn

' 7,ir ~ 3.6. Bsicall-, it I's an elczc 'tz

e, fue cel In 1izh te 3u1uf C a cz

-0, ha--e be en che -,- -------

_n a zerfluorc linea~r zooivmer. Th cur:_rent electic-

~vte -s a 10 mil sheet. of :oolymer dieveicced -- he

Du ont Croraticn. TtS chSia st r,;Ct,.rt

c T3

iCF - CF - CF -

(SO3 (Fx.,
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FIGURE 3. 
(3

THE SOL D POL'YM-ER EL-ECT7-OLYTE FEEl CELL 3 '

LOAC

CATHCCEA CC(CATALYT1IC ELECT FCOE) HA CTL~CEE7CE

4a44H -1C-i-H 2O0 A-

H x H2 0.

ELEC7ROCSIAC -i C .4.

PUMPING CF
AT F.

FI LM

PRODUCTeiATE-:R BACK 0lFFuS;ClN
ALONG W'A7TER

CRA c I -=N T

SOLID PCLYM iER
ELECTROCLYTE- ;SPE)
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Hy;drated hydrogen zo'ns move througha the polym~er

chinzia the So03 -radicals as Hr ions are oiie

to water at the cath_'ode,ie'lectroiv-te interface. At

operati4ng tezo7.eratures .,ater formis as a !_ :ui and,

4n terrestrial. apclications, 4s removed by rvv;

Under steady-state, the water that aS 4-n 4callv

ou.=ed across the nebon -e:c retu:rned bv '-ac.'

The electrodes a-re 7.e talI screens e e Z w~-

nlatinum cat-alyst. The electrode screens are

nr es s ed onr.to oen ca -c e -_f th-e S - E_ n d a t-nan,

zcrcus tefloI ln cverlavs the utrsurface of

th cohde~ e . a-er il frmblookino D

purified water is the norm~al coolant anf fow

7c-rcucnh a clates tetween cell1s. in oresen:_

sy,,stems, one -el iaots coolant is

aoooxmatlv4 =m

The single callcnsroan vzlleyh

solid elIectrolvte results in, several ad-vantaces in

overall design:

The electrocods 4c nct nave to zr-)vi-e an-:

structu,:ral or contairfent functaons.

The ab~sence ofr ii-'uid electroclyte zrliucos
corrosion, allows more latitucIe inan -e
e nta I cre s su ro etw e en a nd C ,s-:d e s, ann.
does not reCua14re :nnCaoor:-4no, oDr cn

in the nast, ion-excnanL-e -'mr~ cells



:2crea:27:cwer am-d na, *

l~~zoto o'rrai:l low oz~ratite teatre

(25o~ ,and h electro',.te- ext erien00. rz±

~~4- 4 '

,JD ho*-urs. --e ne 7C'. a

W2.02C, rezicoco -=-olyszyro - e a -.

3 .3. Test c hav.e c-werat-eo as :7,-:c as 34, '-0

s, .staie4 currvE-2t d-23: ties -n e:cs CZ

n2r~ 2- 1 Cf s--S. -ur.' -S'

2s a rto o

s% s t 2:, -- s-c ' a'- O ver 3, 2C f2

he~~ ., WCI;7- :
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SOLID 'PL"ER"E CILL

MarrCzDntinucs Cu-7uz (517 ma ,cm 3 k
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present many complicaticns in a=ct-al o!Deration.

metal hvdrides can o roduce hvrC7- eith.er b

reaction woowater or, or. some cases, with-h

addition of neat, but additional develcom.ent: is

recuired for hydride svstemna Compressed zas,

although the least effic-ent alternative for

sc-ecif'ic weio ht and volumne, is simple andaalbe

Reactant ouritv is arc oe for all stcrac:e

al tearna t 4 veS. :nec cases willc'ul-

cell and decrease efficiencv. Puro ing the cell iS

difficult at depth', and toDee!: -iest, for e:xampie,

mustz ro-'se t o 6 0 f t. fo cr :tur::ing coerations. 7

alkaline cells, hy-drocarb-ons and -car*tonr dicxide can

cause cell damage. BHiiohoradfe comnercial cas is

z anear a I s,: I--a'-- 1 'n do rt hre e e:o,, us t sy st am

z rov ideas cn t o 3O kwh o r t o nu re. (5

conore' Ssed OIas. 4 cr e 21., d 4e riv4.2d frm

:sp::saudis, i~ii ~ 7 .-car trade-offs in

1-werln--etnal : sures, con-:asonm-ent .v=sse- Sr

will b:e cont-roll!-d bythe requirement to resis

ext-efna' ::=ue. Ascs pressuare increases, and

-.ote cas Is stzaten zrer -in"t volume, the anocrt3

conaovonureuoeccoreascs. As inera --,7-s

sure 4:icreas-s, hocwever, hedes ion bt-come

dent o-n te sisting stress due to stotage zoress,;e
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Compressed gas storage is relat-1vel'/ uncomri.:

cated and requires only pressure reaulation between

the sto-waue and power systemns. Both- gases are

available cconLmercialvy, and handlina at sea does

not recuire innovativ;e or 'nazardous procedures.

Desnite a reaction ratio, by weicnht, of 8 units of

oxygen to ore o-z >drccen, hvranreau4reS cu

th-ree ti-nEs ::=e weizht for contai-nment than c xv -e n

ror wo rason. Mdrocen is 16 tim~es I-ass dne

and it cannot be stored -:n very high strength steel

due to- hvdroaen embrittlement.

2. Crvocenic. Crvccen--c storan.e of bcth

reactants is used etsil' in snace svstems;

however, logistics, safety, envircnmental comnat-

abir~,and cost- would. be d''ul rcolems i

ad~apting it g3enerally toC small submersibl -es.

Reference (6) discu:ses a rbln nd a4:a,:ces

oChroemica sSems--.S.-:

materi'als hihcan --C storozin

comn sa-c, tank, -s offe mniamu overall ccnt-a--nnent

...,act ~c o 7ostlris neari'. neu--r-'

cuov an C'. . nrtae'' konr"~ svste.-s

crviin h.'~cnan,' c:<vc-' reu:*re =:rot -cate-

or ,unzroven su-sv.s-2-s :cr rec-'- nac e-=e

or swaeofracin octs



- 3

(a) OXYGEN. Hy-drogen peroxid;e (H-i2 O) storace
-or ox-/cen was investica:ed In te ZeaSolo_t7
stud"~ for a pressu-re-bCalanced system focr ___

DSSV and has beer. suagest=_d in seVeral studies.
It can. bce decompoz~sed in a catal-:-ti c reactor
ocerating at ambient deep sea pressures. (36)
Because the decompocsition Ls exothermic, the
=roduct 02 and water vacor leave the reactor at
high temu erature (7000C for the DSSV) , and sub-
systems must be o:rovided for cooling, ccndensinc ,
and removino water.

(b) HYDRCGEN. zc nri a (29) and met .anco:37

have been inve-stigateo as chemi cal sources of
hyd-rcgen fcr military slurn-arines; however, tn*e
Processes recuired _ -r the conversion of tnese
compounds woulfl be diffi C Ult to adaot for small
submersible s.

rb h ard oe er(36) suggest -et ' hydr -

sea water reactions as a source of 'v-cn.
In a system tested to 241 bars, a labcratorv-_
s, zed Ki-.:c ce-nerator usina lithi,.' -or' 4 d an a
sea w.,ater vielIded hydrogen exceedn 92'> of
th-eoretical values. 7-he orozosed svste ou
u se am-bient- oressure ccnta'.nment, an %with H10 2
as the oxygen source -uld crovide a rectant
system wit- a toDtal srecific weight o-f 1 .073

.k, wh.

4. Metal H r-'d S ystes for e nS- rcc etr a c7

Metal hvodr4aes wi*th relativ-el 7low , heas:: cf frma=-

t:lon may ottfer a near-term -me-ncd fcr conveno-ent

s,:cra:e D-z 3-:rressuren~rcn

Th e me _aI s s,-2 m s re actz r eve r s Iblyv vit hrocC:.

as follows:

\ ~ -x;1

Du,_rano7 the no d cycle, ilsrtdb Ficure

3.S, hydrocaon is fi_-rst: ab'sorbecd into t'ne metal to

zm a solid sol u ti4onA saturat~con (A) , a

hydride p *n*. w-t- c-os-4tion 3 is fcrmed. Wt
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FIGURE 3.8

:DEL:ZD HYDRIDE 7:1

y~~ ~ IZD Jr ME7L R

further addition c-z~~~ hv-ce,! mr f-h c14
zIasea a n omos -'- Ban i h/s, s1!m

furthe -atic~ r. C: ooroer. r re of tne hyrieo7 -;r

Durnterest io, hea: 'ev-vd eA adfied -ctentrau

s-istem, and during re-fue'lnc heat, must '-e removed.

Several different hydaride systems hnave been

investigated. (3) -he two listed at the *o-ttm- o f

Table 3.3, iron-ttanium and mnacnesiun it 5-

ni ckel , are two -C- esncil trmsn C -,SvzeMs the

former whr ih;ectis not a liiiafa cr,

the latter for mobile aoolications. The neavier-



Fe-Ti slystem, recares much less h-eat inout (7,25,0

H'U~b 2) , anc. tv -acai di;ss-ci-atio-'n rresSures

are about 1.5 at.M H,) at 00C and 7 atm at 4130C.

The maqnresaum,7 s,.stem, cn the other hand, reczuires

16,650 BTU/lb H.and must cnerate a!:ove 3COOC at

1.3 atm~(38)

Much zrac t 4cal ec 4ne-r'-no woulo '-e reauirsd to

adoct thase systems to small subm-ersib les. Th'e

Fe-Ti SyStjemwihcoie t eeoca sioe

an oteration, would we ichI- as muo rmre w I- eat

exc;nancers ndcontrols as 3,000 zsi --- vr c ce n

storace. 7t Wo)uld ocouty near!,. three t-7mes less

volume, and2 could prov'ide a very. attrct-: system

cor v olue li4mi_4t ed m ili'_a r - subma rin e s.

rnvaraz:-ne S.-stems. Th ad-vant-ces _ react-

ant stowage :or sucomersibles has been dciscussed -- e

vi4ously-. d ra -i ne fU2 E 21 Cells re,:oresent the most:

th-e e 1ec trolyrte o r ce, ,verec cr ecy toC th" e as

a li~uid. Ammonia, methanol, ocane, and butane are=

other fuels that h1-ave been an-vesticated for direct urze;

however, none of these alt.2rnai-vas have been de,:elop2od

anoa ccmclet-2 systc-m su.-'tabl7e focr SUb~meril rr

5 ion.

a. The -7ydra::ine Fuel Cell. Th-e overallrato

for h-ydrazine in- alkl-alinc'e -_ ctrolvt-e is:
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N~ H +4 OH -~N +1 O~
2 4 2 -20-4

The exact reaction is not fullv understood and

several reaction mechanisms have b:een sugss---- (29)

Despite hi4gher theoretical values using propposed

mechaniSms, the measured electrode cotentials of

hvdrazine cells are near>; ecual to that o' hv.dro'en

in the same media. Al '-alin -e eleto;e r

=,referred for h-ydra-ie systems (be-:cause of dirct

reactions with acids) , and effectiv:e electrocata-

lv7sts include plat~um, cobalt'ie, and nickel-

boride.

.7 cr -vdrazine-c.xv-- en cells,£ the cathode reaction

does not -44 :er essenziallv. from E,-C- systems.Fo

cells us-Lna: nvcrocgen -cerox- e as cx--'dant, the

general cathodle reaction is:

21H, O? 04e - 0

Siler is an e~coect~tfrorx~"m

Cos-47--on. '7e cten " c,'cu vo-zaae :or noa~e

hydrogen peroxidae cells is approximatel-y one volt.

Althouch- theoretical coulcmbic efficiencies

in Accendi;x 2) focr hyd razone c~l±.3 are a-,:

99 , the overall efficienCies of actual;, systems are

low com-pare-d to3 HO cells. inefficienc-ies on-

hv.drazine-*cxvcoen- cells aroSe from self-decomwosition

of hydrazin-e, fr-m crass dif f-si'on o f the oxid-;ant



arnd fuel, and from purge losse, s in the oxy~gen s_ ie.

Con stant .nois recu-rO '"O! nitrcen gas

:zormea ov direct reac t 4cr with d if - -s ed r az .

:An ad-zanced vd:i-:er . cellI 14nestigated b-

Urbach and ;cerner (3 6 ) a an. o-erall efficienc-v of

40%S. Svstems usinc direct :crzn _

.. trcduce fl, the inffcenc,.- du',-e odc osc:

of the oxidane to oxv.enca and wa;_ter, and 1:1-

Asthom s,.'ste: discussec eao s an. cerall

efficiencv near Z0k.

cressure-Calance" h,.drazone-,ox-.-7e7 (oxv:cen

prcv-4ded ' cercxace deccm'osition: systemi was

tested fo)r the ZSSV. On smaeoascent-

superSaz,,irt- ca\ ou2 C- sout and

blo! cked react'-on sizes on the electrode-S, decreasI..l-

ce_ e f:fe Cc:1,- E n -Ss. -7as sc-lve- n

Su,' .'e un Z:Svs -_zemS . :n th-e r. -.-

recarollcnooecero Se S

ce, an4 in, a ':a,;,a,, zeast cel-, lwcocentra-

tion hvdraZ 4ne asi adm:teo to, the D', a the anode

redcic; nitcen rnsottteInr-lcod

space, arc an c:: trct=e cnencd. alows rarc,

e r e ss oDf:- aotcn. thia t doce s 7 e.t t'-.rcch.

..daoio's conslfaroc azarous due to It s

t zxlZ7 ;t f II-ab i I t and r ea c t vit. 3e c a I

prccedurcs would !-e recuired___ ndln drazine



at sea. A1lumin,,m, some stainless steels, tefzl ,

and hydrocarbon elastcm, rs aceralv - hbi zof

ch'aracter-istics for s:_ware and handlin7 cf

hvdrazime. (20)

Perhars the greatest (disadvantage of hyzorazine

oits hich cost. Produ~ced co=T3eroialiv b,,- the

-cartia3. oxidation of a=.oor a, 'drazine rsn>

costs on t-he ocer of' S'13 a liner and Is -- ,

av:ailable on>-, in small z~~~

Svstems 'csina hvA-o.- -peoxde xi a

also o' sznecial -:enaltie-s in ter-ms of hnandlinc and

costs. m'C' s a stronz Oxmoze--r. _zcan canse

strcono irrcta-ionssoan::

materi"aI ccm%-a tab LIi t.......c car ez~ f,,IIeva e

Z'resenz!-.;, 5; i 'C2 cos-ts 323 a liner.

.. 25

sucerso.2c,;er, a"d

exzrinn~alv n Staor 1 '-as olread- ben examinef

The hv\drazine-h',drozen neroxide zo,,er s,.ste-

devel-,ted b:th-e Alr thor Compa:nv- -,n oszrne

re:',rescnts an ocr..-anceo sys temn oor.>zn'z~eo r

r 1 caer t- a, ~os. be c a u se sc s~re s

an,: usQes iheo~ n ns z , it allow.-s

_ill rtDn~ ~e er

no ror of~n f,_ 'c relo
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stocks outside the cell. -t as s-een __''!-pe

10 and 100 ':_ modules, and th~e b-asio svszem w,,as

tested at sea. Disad%.'antages of n s-':stem. a re

efficiency, expens-,ve reacta:nts, a-nA '~fCell

life.

The basic Aisth'om cell isilu ~ -

.. Th-e electrodes are stanzed otof *_n 3--

stainless st-el coatzed wih atal.s-, C.bal i

used for tzne anode; silver for the ca-:hode. .:.SemI

cerneaob ncae senocrates th-e reactants. 7Zach

c e I s 1 cr e ~i s c ,a r~ n d . 5 h Te

electrodes meo '!D '-nes are mc"'--.d -n'C :ra7,es

in B'ocu:re 3.13. The thin cell an cotcn-

cells cuc.scoa

e ooh tol o .n -ccmoe amc oa'

I , owss h ooIy Iran C! th--z7e slte s:t

sno. c,, _ - 3.. l~rc't I .~oe

th-rouo:1h tw.o scara te ICcns -u>fuel 3ndoxdt

re:ierisheci b' :-oton S reactants f 10w eros

toe ce 1 1, casc-cus d >uct,- Ln anods , s. en

cathodai) are izn soeus'nz o fr' d,1e t0

elIe ctr c y e I -coI': y7odc Ie~ c Cn s t --' C -tions
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FIGURE 3.9

BAS7-C L:-C4CLcC::U:Q

:..-7 7HC' CEL
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: 7Ac 7LS7CK
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to 500 hours of operation by the formation of gas

blisters in the cell membrane.
(1 8 )

D. Summary.

The chemical fuel cell is a highly efficient energy

source with great potential for future employment. Except for

space systems, however, fuel cell power has been used only in

limited, experimental applications.

Generally, two known systems have been engineered

primarily for submersibles - the PC-15 power plant and the

Alsthom power modules. The PC-15 is expensive, but very effi-

cient. It uses readily available gaseous reactants, and it

has been tested extensively at sea in Deep Quest. The Alsthom

system requires expensive reactants, operates at low

efficiencies and has limited cell life; however, it offers

uncomplicated design, very high power density, and uses liquid

reactants. The only known use of the Alsthom system at sea is

the 2 kW system test on the Diving Saucer.

With recent advances in ion-exchange membranes, the G.E.

solid polymer electrolyte system shows great potential for

several applications. At its present state of development, it

could probably be engineered for submersible use with little

technological risk.

Because of their various distinctive characteristics and

because they are in different stages of development, compari-

sons of the three systems can only be done on a very super- I
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ficial level. The PC-15 is presently available and tested as

a complete system, and it should be the basis of comparison.

With its high efficiency, the PC-15 offers the most economical

system in terms of reactant consumption. After development,

however, a SPE system could have smaller acquisition cost, and

because of its longer predicted life-time, lower overall

operating costs (see Table 2.3). For the Alsthom system to

be a viable alternative, cell life must be increased, and the

high cost of reactants reduced.

For submersibles requiring high energy density and

presently using Ag-Zn batteries, even expensive systems like

the PC-15 appear to be competitive. The Deep Quest PC-15

system provides 700 kwh of energy, .has a dry weight of approx-

imately 4,000 kg, and supplies nearly 300 kg of positive

buoyancy. An advanced Ag-Zn battery with comparable energy

storage would weigh 6,000 kg dry and would require an

additional 2,500-3,000 kg of syntactic foam to achieve neutral

buoyancy. Additionally, the fuel cell system allows for rapid

replenish-ment of energy, whereas an Ag-Zn battery system

requires 8-12 hours for recharge. A cost comparison of the

two systems would be quite complex and would have to include

factors such as the recycling of spent batteries and cells

for precious metal recovery, maintenance factors, and the

individual requirements for the submersible in question. For

the 14-ton Canadian submersible in aeference (21), the PC-15

(evaluated as a 20 kW system) was economically superior on a
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per dive basis to an Ag-Zn battery system.

The applicability of fuel cell power for a smaller

submersible presently using lead-acid batteries is explored

in the succeeding chapter.



CHAPTER IV

A FUEL CELL SYSTEM FOR SEA CLIFF

A. Introduction

The Sea Cliff, operated by the U.S. Navy, has been

chosen to investigate the impact of installing a "state-of-the-

art" fuel cell system on a small submersible. Designed pri-

marily for underwater engineering and salvage, Sea Cliff has

significantly smaller energy requirements than the submarine

search and rescue vehicles (DSSV and DSRV) for which the

PC-15 power system was developed. Although perhaps more

sophisticated in overall capability, Sea Cliff and her sister

vessel, Turtle, are comparable in size (24.1 tons) and present

energy capacity (45 kwh) to a number of commercial submer-

sibles (see Table 1.1).

It should be stated that the following analysis is based

on approximate calculations and is intended only to assess the

overall effect of fuel cell power on Sea Cliff.

3. Present Conficuration of Sea Cliff

1. General. Figure 4.1 shows a general outline of

Sea Cliff, and her overall characteristics are listed in

Table 4.1.

Sea Cliff and Turtle were built by General Dynamics

Corporation and were launched together at New Londcn,

Connecticut, in December, 1968. Designed for underwater

surveying, salvage, and general engineering, Sea Cliff
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SAIL HATCH

E:A LC'3 SIAC:Z
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STEER PROPELLER V8 SAGS
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DIST212UTION

CmNTERS HYDRAULIC V,3 (C%, S-130.)
(2 PCRT &ST3D.) CANvLS TER CA~5~Hy.

(ON P'CT)

FIGURE 4.1 GENERAL OUTLINE OF SEA CLIFF



- 98 -

TABLE 4.1

SEA CLIFF DSV-4)

GENERAL CHAP.ACTERISTICS

Length: 26 ft. Total Energy: 45 kwh
Beam: 12 ft. Speed: Max .... 2.5 knots/1 hr
Height: 12 ft. Cruise ...... . knot/8 hrs
Weight (Dry): 24 tons Crew: 3
Operating Life Support: 100 Man-hrs

Depth: 6,500 ft. Payload: Interior .... 600 lbs
Collapse (excluding personnel)

Depth: 9 -50 ft. Exterior .... 600 lbs

Pressure Hull: HY-100 steel. 1.33 in. thick, 7 ft. outside diameter.

Power System: 60 and 30 Vdc lead-acid batteries rated at 250 ampere hours.
Power is available as:

120 vac, 60 hz, single phase
120 vac, 400 hz, single phase
60 Vdc
30 Vdc
(24 Vdc, 400 hz, three phase -

fed directly to gyrocompass)

Emergency Power: Two 30 Vdc silver-zinc batteries and separate distribu-
tion systems located in the personnel sphere. Emergency
batteries have a capacity of 12 amp-hrs at a 1 hr discharge
rate.

Proculsion:
Stern. A hydraulically driven stern propeller is trainable

with its shroud through 45 degrees left and right.

The main hydraulic pumo used for stern prcoulsion is
driven by a 3 hP electric notor.

Side Pods. Two side pod propulsion units are powered by variable
speed 60 Vdc electric motors. Side pods are connec-
ted internally by a series of shafts and universal
joints and are trainable together through 3600 by an
electric training motor. Maximum ascent rate using
side pods is 100 ft/min. Side pod motors are each
rated at 4 HP.

Contro. A single maneuvering control box in the personnel
sphere controls speed, direction of rotation, and
orientation of the three propulsors. Three modes are
available: stern propeller alone, side pods alone,
and all three propulsors together.

External Lihts: Four 230 watt lamps, one 750 watt lamp.
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is equipped with five plexiglass viewports, two external

television cameras, lights, a 70 -m still camera, sonar,

a gyrocompass, fathometer, and underwater and surface

communications. Her two hydraulically powered manipu-

lators can be equipped with a variety of tools including

cable-cutters, drills, and grasping jaws. Tools are

stored in external racks and can be interchanged during a

mission. Sea Cliff rresently operates out of San Diego,

California.

2. Power System. Sea Cliff is powered by lead-acid

batteries contained in two oil-compensated battery tanks.

Each tank contains 45 cells separated into 60 and 30

volt groups. Including containment, oil, syntactic

bucyance foam., and batteries, each tank weighs 4,000

pounds in air and 2,000 pounds submerged.

The installed batteries are ESB Incorporated Exide

Type DN.!SC-!!E dry-charged cells. They are rated at 250

ampere-hours at a 6 hour discharge rate (800F) and have

an estimated service life of 300 discharae cy-cles. Each

cell weighs 43.3 pounds filled and measures 6.2x4.3x18

inches. An electrolyte scrubber (gas separator) fitted

to each cell minimizes the escape of electrolyte.

Nominal recharge time is 12 hours.

A general schematic of the distribution system is

shown in Figure 4.2. Normally, Port and starboard cell

groups of each voltage (60, 30 Vdc) are operated in

parallel.
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3. Operational Considerations. Presently, average

dive time is about six hours with exceptional dives

lasting as long as ten hours. Energy storage is gener-

ally the lLniting factor in operating time, and final

cell voltages are near 1.7 volts. A 100 ampere-hour

reserve is maintained to ascend from maximum depth

(6,500 fz.) using side pod propulsion.

According to present operators(4 0 ) propulsive power

is adequate, and areas requiring improvement are

maneuverability, manipulator dexterity, and visibility

aft. It is also felt that a six hour dive is long enough

for single crew operations, but that rapid turn-around

with fresh operators could be valuable.

C. Pronosed Fuel Cell System

Calculations and specific arrangements for the

proposed system are contained in Appendix 3.

1. Overall Capabilities. The following capabilities

were chosen for Sea Cliff's fuel cell system:

a. Maximum sustained power - 15 kilowatts at 60

volts. Based on running all three propulsors at

full power, all lights, a 2 kilowatt hotel load,

and 25% margin.

b. Total energy storage of 100 kilowatt hours.

This will allow two missions at present energy

usage rate with 10% margin. Assumed operating
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philosophy of six hour single crew dives with one

crew change before refueling.

2. Characteristics of Preliminary Design. The basic

results of the design study are listed in Table 4.2.

a. Fuel cell system. The General Electric solid

polymer electrolyte, H 2-0 2 fuel cell was arbitrarily

chosen. Size and basic characteristics of the -fuel

cell are presented in Appendix 3. Calculations were

2based on a current density of 400 ma/cm at maximum

rated power. This is about 20% lower than sustained

levels available. increased current density would

decrease the size of the active cell area required

(thus reducing costs), but it would have little

effect on the weight and volume of the total energy

system. The overall fuel cell system would look

much like the schematic of the PC-15 (Figure 3.4)

with oxygen rather than hydrogen flowing with product

water through the separator loop and a small com-

pressor for pumping purged gases out of the oxygen

loop. The system operates at constant purge (1.3%

of 0 2consumed) with inerts in the hydrogen side

diffusing through the membrane to the oxygen system.

b. Reactant Containment System. in the preli-minary

design, both reactants are stored as 3,000 psi gas

in spherical tanks. For the energy level chosen,

the overall weight and volume of gaseous storage
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TABLE 4.2

CHARACTERISTICS OF FUEL-CELL SYSTEM FOR SEA CLIFF

Maximum Sustained Power: 15 kw (60 V.)

Total Reactant Storage: 100 kwh

Output: 60 Vdc, 30 Vdc

Overall Efficiency at Rated Power: .48

Power Module Weight 67.5 kg

Module Containment Weight 222.0 kg

Reactant System Weight (fueled) 663.8 kg

Other Weight CH 20 Containment, 100 kg

Structure)

Total System Weight 1053.3 kg

Total System Displacement 736.9 kg

Total Buoyancy Impact - 316.4 kg

Buoyancy Change in 100 kwh .64 kg

(Due to Purge)

Heat Rejected at 33im0m BTU/hr

Sustained Level

Coolant Flow Required (H 20 coolant) 792 i/hr
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appears to be acceptable. Hydrogen storage in

iron-titanium hydride was inestigated

and, from preliminary calculations, would increase

system weight by approximately 100 kg and decrease

system buoyancy by more than 300 kg. At maximum

sustained power, the hydride system would use one-

third of the cell's waste heat for hydrogen

liberation. Liquid chemical storage of reactants

on a system as small as Sea Cliff would present

serious technical difficulties. It is anticipated

that the logistics and handling of 3,000 psi gaseous

storage would be fairly straightforward.

c. Distribution. For a single fuel cell module,

the dual 'oltage system existing in Sea Cliff

presents problems. A tentative system is shown in

Appendix 3, section M, with the fuel cell module

separated into two 43 cell stacks. Thirty volts is

drawn from each stack and 60 volts across both

stacks in series. A large imbalance in 30 volit loads

for the different stacks could result in differential

heating of the cell system. This miaht be solved by

thermal isolation of the two stacks and separate

cooling system controls to each group. in new

design, a single direct current voltage would be

preferable for a system with one fuel cell module.

d. Arrangement. A possible arrangement of the

system is shown in Appendix 3, section J. From
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scaling based on Figure 4.1, it appears that the

fuel cell system will fit easily into space

presently occupied by the battery tanks. This

arrangement must be considered very tentative as the

exact configuration of Sea Cliff in this area is not

known.

D. Impact of Replacing Lead-Acid Battery System with Pro-

posed Fuel Cell System

1. Weight and Volume. Weight and displacement charac-

teristics of the two systems are shown in Table 4.3. The

net result of replacement is 1,500 kg of positive

buoyancy to the vessel, which is equivalent to 2.8 tons

of .68 g/cm 3 syntactic foam. If lead ballast were added

to overcome the positive buoyancy, Sea Cliff would still

weigh approximately one ton less after the alteration.

In reality, some combination of foam removal and lead

ballast addition would probably accompany the bazter

replacement. Some fixed ballast would be recuired to

restore stability.

2. Operational Considerations. The proposed fuel cell

system is not complex, and it should be possible to

engineer it into a ver-y reliable power plant. A reliable

fuel cell system would provide significantly higher

system availability than the installed lead-acid battery.
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TABLE 4.3

WEIGHT AND DISPLACEMENT SUMMARY

Lead-Acid H2-O 2 Fuel

Battery Cell

Total Weight (Dry) 3,630 kg 1,053 kg

Total Displacement 1,814 kg 737 kg

Net Buoyancy -1,816 kg - 316 kg

With a two crew concept, it could more than double the

useful employment time of the vessel. It is anticipated

that system check-out, and energy, and life-support

replenishment after two missiorrs could be accomplished

in one or two hours.

3. Costs. Only a very general attempt at cost analysis

is made in Appendix 3. On a per-dive basis, considering

only energy system costs, a fuel cell plant is consider-

ably more expensive than the installed system; however,

the cost of tying up a support vessel and crew for a

twelve-hour battery recharge could easily compensate for

the difference in energy costs. in places like the North

Sea, where submersible operations are sometimes possible

only a few days a month, the increased availability with

fuel cell power could be extremely valuable.
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E. Sunmmarv

Fuel cell power has been proposed for submersibles

since the early 1960's. A 700 kilowatt-hour system is fully

developed and employed on the 50-ton Deep Quest.

Fuel cell power plants are technically feasible for

smaller vessels such as the Sea Cliff. The 15 kilowatt, 100

kilowatt-hour system considered in this study provides more

than twice the energy of present lead-acid battery systems,

has much less weight and negative buoyancy impact, and can be

replenished in much less time. Although the fuel cell system

would be more expensive in both capital and operating cost

than lead-acid batteries, it does not seem unreasonable that

the pay-back in terms of overall system availability would

more than compensate for the expense.

iI
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APPENDIX 1

SOME USEFUL RELATIONSHIPS AND APPROXIMATIONS

FOR PRELIMINARY SUBMERSIBLE DESIGN

A. Weight and Volume

1. General. To remain at neutral buoyancy when sub-

merged the total weight (W) of the vessel must equal the

weight of water displaced by the total submerged volume

(7),

where w is the density of sea water ( 1.027 gm/cm
3

at 251C and 1 atm) and . is called the submerged dis-

placement.

In preliminary design, weight, buoyant volume,

center of gravity, and center of buoyancy can be estimated

for general weight groups. A typical grouping into

general weight and volume categories might be:

Pressure Hull (Ph)
Power Plant and Energy Source (.M)
Payload (crew, instruments, tools, etc.) (P)
Floatation Material (fm)
Fixed Ballast (B)
Water Ballast (BW)

Auxiliary Systems (A)
Outfit and Furnishings (F)
Other (o)

Pressure hull volume depends on the requirements of

the design. Once volume is determined, the weight of a

spherical pressure hull can be approxLated by:

WPh = 23207Ph d/7/p lbs. [2]'Ph
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where 7Ph is in ft. , d is the operating depth in feet

and /p is the material strength to density ratio in

inches. Equation [2] is from Reference (6).

Power plant and energy source weight and volume can

be estimated from specific values for power and energy

density and specific volume in Chapters II and III of

this study (or elsewhere) once the basic power and energy

levels are specified.

Payload weight and volume will be part of the

specific design requirements.

Floatation for small submersibles is usually

provided by syntactic foam which consists of hollow

plastic or glass microspheres embedded in a resin matrix.

Standard foam has a density of 42-44 lbs,'ft 3 and costs on

the order of $15/lb. (3) The DSRV's employ 36 lb/ft 3

foam with glass micrcspheres. The cost of foam is

dependent both on density and depth capability.

Fixed -ositive ballast, zn submersibles of signifi-

cant depth capability, would be required only in s-all

quantities for stability, if at all. Water ballast

tanks are designed to provide a specified surface draft

when filled with air and neutral buoyancy for the total

vessel filled with water. A separate variable ballast

system must handle variations due to the density of sea

water and due to system weight and center of gravity

changes during a mission.
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In early design stages, the other categories can

be roughly estimated as sLmple functions of the overall

displacement. Auxiliary systems, such as high-pressure

air for ballast tank service, variable ballast system,

life-support, and communications and control equipment,

will generally make-up 5% to 10% of total vehicle

weight. (4) Outfit and furnishings (hull fittings, paint)

max total 3 to 5 percent of total weight. (4 ) For a

standard working or research submarine, the "oher"

category, including framing and external fairing,will be

on the order of 10-15% of the total weight.

Of course, these estimates must be justified in

any specific design, and they would depend strongly on

specific design requirements and objectives.

Overall, the sum of all weights and buoyant volumes

must satisfy equation 1]; the resultant center of gravity

must be below and in a vertical line with the center of

buoyancy; and sufficient stability must be assured.

B. Power and Energy

1. Power. The power required can be estimated from the

following relationship:

PT = [PO + KD VR3 (3]

where: PO = load other than propulsion.

V2 = speed with respect to the water.

KD = 1/2 PW CD S
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CD = frontal cross sectional area draa

coefficient

S = frontal cross sectional area

General submersible loads are covered in Chapter 1I.

Cften the power required for propulsion is expressed in a

more general form:

P = K 2/3 V3 [4]

where A2/3 approximates the effect of increasing volume

on surface area, and K will depend on general hull

shape.

2. Energy requirements are best determined from power

spectrums for irdividual, anticipated missions (see

Chapter Ii).



APPENDIX 2

NOTES ON THE EFFICIENCY OF FUEL CELLS

The intrinsic high efficiency of electrochemical systems

is mentioned in Chapters II and III. Here, the basic thermo-

dynamic definition of fuel cell efficiency will be discussed.

Background

For thermal energy conversion devices, only part of the

heat energy is available for mechanical work due to inherently

large entropy losses. The maximum transformation efficiency

for a reversible heat engine is the familiar Carnot

efficiency:
T -T

where W is the work done by the system, Q is the heat absorbed,

and T1 and T2 are the initial and final temperatures (absolute)

respectively. Practical considerations limit temperatures,

and c for real machines is about 40%-50%. Actual conversion

efficiencies (,.sue to losses other than entropy) are on the

order of 50% lower.

The enthalapy change of a chemical reaction carried out

isothermally and at constant pressure (P) is:

= 'E + P.W = Q-W+PZV [2)

where ,Z and _" are the changes in the system's internal

energy and volume respectively.

If this reaction supplies heat to a reversible thermal
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cycle, the only work done by the system is PlV and eq. [2]

becomes:

H= Q [3]

Thus, the enthalapy change of the reaction is equal to the

heat absorbed by the system.

If the reaction proceeds electrochemically, electrical

work is also produced in moving electrons around the circuit

from the anode to the cathode. ignoring internal resistance,

this work can be expressed as:

W nF(V -Va ) nFE- [4]
el c a

where n is the number of electrons involved in the reaction,

F is the Faraday number, V and V are the potentials of theSC a

cathode and anode rEspectively, and E is the 6verall cellr

voltage.

In the electrochemical case, then, the total wor.k is:

Wel +D..V [5

For reversible processes, heat is related to entrzwy changes

(iS) by:

Q = TIS [6]

and using eq. [2] the Gibbs free energy change (IG) for a

constant volume process can be expressed as:

!G = IH-TVS = -nFE (71

Isothermal (Coulombic) Efficiency

Thus, for an electrochemical cell, IG is a direct
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measure of the maximum amount of net work obtainable, and an

efficiency analogous to e:. [1 can be defined for reversible

isothermal fuel cells:

W -G T'S

H AH -8 -[

At a given temperature and pressure, ni has a defin"te

value for each reaction syste.. For H2-, cells at 25'C and

one atmosphere -, is 81.3%. 7n some electrochemical sy stems

with positive entropy chance (C+O-- C3) can exceed unt;.

Voltage Efficiency

For actual cells under load, irreversible orocesses

become important, and the actual voltage (E) , is less than

Er. The voltage efficiency is defined as:

E 
1 9'e Er [9]

The decrease in actual voltace is 'u:e to tHree mar

kinetic effects. These effects are always zresent in real=

svstems, but their relative

imooroance dezends zn load

levels A plot o vf E

current density for a typical

cell in shown in Fi7ure .3

Vervy &eneral. U', _ r=d

drco in voloa:e t: ooint A

4s :Icstly due to acti'.niIon

cverootenziaI (.' a ) ;ased )%A
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the actual reaction kinetics at the cell electrodes. Over

the linear portion from A to B, ohmic (iR) losses become

relatively important, and this voltage drop is called the

ohmic overpotential (V ) Finally, at high loads, cellr

reactions become controlled by the rate of transport of

reactants to the electrodes and a concentration overvoltace

(V ) causes a rapid decrease in overall voltage. At a givenc

cell output actual voltage is:

E = Er -(V a+V r+V c) [10)

Faradaic Efficiency

The Faradaic efficiency is defined as:

If I [ill
- f -Im"

where I is the actual current and Im is the expected current

if all reactants are consued electrochemicall". Some frac-

tion (l-I.) of the reactants may react directl1% at their own

electrode or with each other after diffusion across the cell.

In H 2- 2 cells the Faradaic efficiencv is close ta unity, but

in cells wit> less stable reactants such as hy;drazine cells,

it can represent a major loss.

Overall Efficienc-

The overall efficienc'y of a fuel cell is the product of

the three efficiencies fiscussed above:

T ir1f 21

-- r
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